Entry into mitosis is driven by signaling cascades of mitotic kinases. Our recent studies show that TTK, a kinetochore-associated protein kinase, interacts with CENP-E, a mitotic kinesin located to corona fiber of kinetochore. Using immunoelectron microscopy, here we show that TTK is present at the nuclear pore adjacent complex of interphase HeLa cells. Upon nuclear envelope fragmentation, TTK targets to the outermost region of the developing kinetochores of monoorient chromosome as well as to spindle poles. After stable attachment, throughout chromosome congression, TTK is a constituent of the corona fibers, extending up to 90 nm away from the kinetochore outer plate. Upon metaphase alignment, TTK departs from the kinetochore and migrates toward the centrosomes. Taken together, this evidence strongly supports a model in which TTK functions in spindle checkpoint signaling cascades at both kinetochore and centrosome.
INTRODUCTION
Chromosome movements during mitosis are orchestrated by the interaction of spindle microtubules with a specialized chromosome domain located within the centromere [1] . This specialized proteinous region, called the kinetochore [2, 3] , is responsible for mitotic microtubule-centromere association. Structurally, the kinetochore is composed of four layers: an innermost plate that apparently consists of a specialized layer of chromatin, an interzone, an outer plate that has been argued to consist of tightly packed fibers [4, 5] , and an outermost fuzzy, fibrous corona that is most clearly seen after microtubule disassembly [6, 7] . Although kinetochore morphology has been documented in numerous ultrastructural studies [8] [9] [10] [11] [12] , there is little information about molecular composition and the respective localization of known kinetochore proteins or protein complexes, except for a handful kinetochore proteins such as CENP-A (attached to to centromeric heterochromatin) [13] , CENP-B (underneath the inner plate) [14] , CENP-C (a component of the inner plate [1] , CENP-E [a component of the corona fiber) [ 7] , CENP-F (a component of outer plate) [15] , Bub1 and BubR1 [components of the corona fiber) [16] .
Recent studies reveal that CENP-E associates with spindle checkpoint kinases TTK [17] [18] and BubR1 [7] . TTK is a mammalian homologue of conserved Mps1 family members that are expressed in all proliferating cells and tissues [19, 20] , consistent with its function in cell cycle progression. In all these Mps1 family members, the C-terminal catalytic domains show a high degree of sequence similarity [21] . Furthermore, both yeast and mammalian Mps1 kinases phosphorylate serine/threonine as well as tyrosine residues, at least in vitro [19, 22, 23] . However, the N-terminal domains carry great sequence divergence. It was recently shown that amphibian Mps1 is necessary for the establishment and maintenance of a spindle assembly checkpoint recon-stituted in Xenopus egg extracts [24] , whereas murine Mps1 was reported to function in centrosome duplication [21] . However, it is unclear whether the outcomes reflect the difference between the two experimental systems or simply show the two sides of the same coin.
To better address the function of TTK in human cells, we have undertaken an immuno-electron microscopic analysis of human homologue MPS1, TTK in HeLa cells. We show that TTK has a dynamic distribution profile across cell cycle. In interphase cells, TTK is localized in nucleus adjacent to nuclear pore. Upon entering into mitosis, TTK becomes associated with the kinetochore's outermost region, corona fibers. In addition, TTK appears to traffic towards the centrosome associated with the minus-end directed motility along the mitotic spindle microtubules. TTK is released from the kinetochore as chromosomes align at the equator of the spindle and relocated to the spindle poles. Thus, TTK is a dynamic component of the fiberous corona, which monitors spindle checkpoint signaling and may provide a functional link between kinetochores and centrosomes in mitosis.
MATERIALS AND METHODS

Antibodies
An affinity-purified rabbit antibody against TTK (C-19; SC-540) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA) while CENP-E antibody was produced as described previously [7] .
To test the specificity of the TTK antibody, interphase and mitotic HeLa cells were harvested by sedimentation and lysed in RIPA buffer (25 mM Tris-HCl, pH 7.5, 5 mM EDTA, 0.5% SDS, and 1% deoxycholate). The extracts were then sonicated and centrifuged to remove the residual insoluble materials. To test the subcellular distribution of TTK, chromosomal fraction from mitotic cells and nuclear fraction from interphase were also prepared [7] . Before electrophoresis, an appropriate amount of extract was diluted with 4 x sample buffer and boiled for 2 min. After separation in SDS-PAGE, the proteins were transferred onto a nitrocellulose membrane (Micron Separation Inc., Westborough, MA) and incubated with anti-TTK antibody and detected using ECL (Pierce, IL). Immunoreactive signals were visualized by autoradiography on Kodak BioMAX MR film (Rochester, NY).
Cell culture
HeLa cells, from American Type Culture Collection (Rockville, MD), were maintained as subconfluent monolayers in DMEM media (Invitrogen, Carlsbad, CA) with 10% FBS (Hyclone, Inc. UT) and 100 U/ml penicillin plus 100 µg/ml streptomycin (Invitrogen, Carlsbad, CA)
Immuno-electron microscopy
For immunolabeling, cells were trypsinized and seeded onto acidtreated sterile 18-mm coverslips in six-well dishes (Corning Glass Works, Corning, NY). After reaching 75% confluence in ~36 h, cells were rinsed for 1 min with PHEM buffer (100 mM Pipes, 20 mM Hepes, pH 6.9, 5 mM EGTA, 2 mM MgCl 2 , and 4 M glycerol) and permeabilized for 1 min with PHEM plus 1% digitonin modified according to Yao et al [7] . Digitonin was selected to preferentially permeabilized plasma membrane to allow the egress of cytosolic proteins. Extracted cells were then fixed in 4% freshly made paraformaldehyde (Polysciences, Inc., Warrington, PA) plus 0.05% glutaraldehyde (Tousimis Research Corp., Rockville, MD) in PHEM and rinsed three times in PBS. The coverslips were blocked with 0.05 % Tween-20 in PBS (TPBS) containing 1% BSA (Sigma Chemical Co.). The cells were incubated with TTK antibody in a humidified chamber for 1 h followed by three washes of TPBS. Visualization of TTK location was achieved by 10-nm colloidal gold conjugated secondary antibody by modification of the protocol described by Yao et al [7, 25] . Basically, coverslips processed as above were rinsed with TPBS (3x5 min) and fixed with 1% glutaraldehyde (Tousimis) in PBS followed by three washes in PBS. Cells were then post-fixed in 2% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA), dehydrated in a graded alcohol series followed by 100% acetone, and embedded in Epoxy (Ernest F. Fullam, Inc., Latham, NY). The cells were detached from coverslips using hydrofluoric acid, and the designated areas were excised and glued to blocks. Thin serial sections (silver-gold) were then cut, placed on copper grids, and stained with uranyl acetate and lead citrate. The sections were examined under a JEOL 1200 electron microscopy (Peabody, MA).
RESULTS
TTK is associated with isolated mitotic chromosomal fraction and interphase nuclei
Our previous studies show that TTK is co-purified with CENP-E from mitotic HeLa cells while exogenous GFP-TTK is targeted to the kinetochore [17] . However, several recent studies have raised debates concerning the function and precise localization of TTK in mammalian cells [18, 21] . To define more closely the localization of TTK in the mitotic spindle, we carried out immuno-electron microscopic analysis using an affinitypurified antibody (C-19). The protein immunoblot analysis revealed that the TTK antibody specifically recognized a single protein band of 97 kD in interphase and mitotic HeLa cell extracts as well as isolated chromosome and nuclear fractions ( Fig 1A) . The TTK protein abundance in interphase cell lysates is comparable to that of mitotic cells, indicating the expression of TTK protein is not tightly coupled with cell cycle regulation. Interestingly, TTK is enriched in nuclear fraction isolated from interphase HeLa cells and chromosome fraction of mitotic HeLa cells. In contrast, mitotic motor CENP-E is enriched in mitotic chromosome fraction but not nuclear fraction from interphase cells. Thus, we conclude that TTK is a nuclear-associated protein in interphase cells and associated with chromosomes of mitotic cells.
To examine precise TTK localization in interphase cells, we carried out immuno-electron microscopy on a HeLa cell in late G2 phase with apparent intact nuclear envelope (Fig 1B a) . Examination of gold particles re- 
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of mitotic cells, which is consistent with the outcome from an immunoflourescence study recently reported by Liu et al [26] .
TTK is localized to kinetochore and centrosome in prometaphase cells
In the prometaphase, astral microtubules emanate from centrioles, coming in close proximity to newly condensing chromosomes to form bipolar spindle with two sets of centrioles sitting at opposite poles (Fig 2 a) . As mono-orient chromosomes moved toward the pole, we examined TTK localization on the mono-oriented chromosomes in prometaphase cells. At magnified view, several gold particles representing specific labeling of TTK could clearly be seen on one leading kinetochore (i.e., defined here to be the one closer to the pole; Fig 2  b, arrow) . Magnified view of boxed area Fig 2b shows that TTK, marked by seven 10 nm gold particles is located to the outermost surface of the kinetochore (Fig  2d, arrow) . Examination of gold particle labeling of another chromosome from same cells revealed that TTK is localized to the corona fibers of kinetochore of congressional chromosome (Fig 2c, arrows) . Again, there was virtually no gold staining on other surface regions of the chromosome, indicating the specific association of TTK with kinetochore. A survey of gold labeling on 17 kinetochores indicates that TTK extends about 67 nm (67±17 nm, n=17) from the outer plate.
In addition, there are numerous gold particles adjacently located to spindle microtubule near the centrosomes (Fig 2b, arrowheads) . Careful examination of the opposite centrosome also revealed that TTK localization adjacent to centrosome but not centrioles, indicating that TTK is also a centrosomal protein. Interestingly, substantial gold particles are also found in protein complex (~50 nm in diameter, Fig 2e arrow) associated with spindle microtubules. It is possible that TTK is associated with a minus-end directed microtubule-based motor for its poleward trafficking and distribution. Thus, we concluded that TTK is located at both kinetochore and centrosomal region of prometaphase HeLa cells.
presenting the labeling of TTK revealed that the TTK is localized at the nuclear envelope adjacent to the nuclear pore complex (Fig 1B a-c) . Careful examination of serial sections did not reveal any gold labeling inside the nucleus, indicating that TTK is a nuclear pore protein in interphase cells. Virtually no gold particles were found inside the other structures (i.e., vesicular membranes). These findings indicated that TTK is localized near the nuclear pore complex in interphase cells. Thus, we conclude that TTK is a nuclear pore protein component ininterphase cells and is associated with chromosome
At metaphase TTK departs from the kinetochore and traffics toward the spindle poles
HeLa cells with aligned chromosomes were examined (Fig 3 a) to track TTK at bioriented kinetochores there were great amount of 10 nm gold particles adjacent to the spindle microtubules away from the kinetochore (Fig 3 c and 3 d, arrowheads) . Serial sections revealed no TTK labeling on the sister kinetochores of fully congressed chromosomes. This is consistent with that had completed congression but were still under tentionexerted by opposing spindle microtubules [7] . Higher magnification views revealed that much fewer (Fig 3 b, arrowheads) or virtually no gold particles surrounded the kinetochore (Fig 3 b and c, arrows) . However, 
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were examined. Later in anaphase, when chromosomes have moved close to the poles, and pole elongation has been initiated (anaphase B); no TTK is found to be associated with the kinetochore (data not shown). Examination of 13 anaphase kinetochore sections (from both randomly picked and serial stacks) revealed no gold particles was associated with the kinetochores (Fig 4b,  arrows) . However, there were gold particles found around spindle poles (Fig 4b, arrowheads) with reduced abundance. Thus, we reasoned that TTK departed from the kinetochore prior to sister chromatid separation.
DISCUSSION
From these ultrastructural studies, we can develop a kinetic picture of TTK integration into kinetochore functional dynamics. The evidence presented here provides proof that TTK is re-distributed to develop kinetochores of condensing chromosomes from nuclear pore adjacent complex after initial nuclear envelope disassemble (Fig  2) . In prometaphase, TTK binds along the surface of mono-oriented kinetochores that are attached to spindle microtubules in addition to spindle poles (Fig 2b, d and e). During congression, at metaphase, TTK is a component of kinetochore corona fibers, extending from the kinetochore outer plate (Fig 2c) and gradually dissociating from kinetochore upon the metaphase alignment. In addition, TTK is also located on spindle pole microtubules and poleward-translocating vesicles. The collective evidence strongly implicates TTK is an essential spindle checkpoint gene that governs the integrity of mitotic spindle and kinetochore assembly dynamics.
A model of TTK in spindle checkpoint signaling
Our finding that TTK extends at least 50 nm from the kinetochore outer surface (modeled in Fig 5) reinforces several lines of evidence showing that altering TTK kinases participate in spindle checkpoint signaling: genetic disruption of TTK homologue MPS1 results in mitotic arrest [28, 29] , antibodies to Xenopus MPS1 abrogates the spindle checkpoint in egg extracts and librates CENP-E, Mad1 and Mad2 from kinetochore [24] . In addition, suppression of TTK expression in U2OS cells results in defects in spindle checkpoint [18] . Moreover, mass spectrometric identification of molecular composition of CENP-E complex revealed an association between TTKand CENP-E [17] . The initial transition of an apparent TTK complex toward the developing kinetochore at earliest prometaphase, is presumably mediated by the previously reported position of other spindle checkpoint components such as Mad2 [27] . Thus, TTK is located in the outer surface of the kinetochores of prometaphase chromosome and is dissociated upon the metaphase alignment.
TTK is no longer associated with kinetochore after sister chromatids separate
To verify if TTK is located in the kinetochore corona during anaphase chromosome movement toward the poles, TTK positioning was examined in an anaphase cell (Fig 4a-b) . There is no gold particle deposition found when serial sections of the separated sister kinetochores Working model for TTK function in mitosis. TTK, denoted as purple dots, is located near the nuclear pore in the interphase cells and is recruited to the developing kinetochore and spindle poles (labeled in red) as the nuclear envelope disassembles. TTK situates on the outermost surface of mono-oriented kinetochore and bi-oriented kinetochore of prometaphase chromosomes (marked in blue). Upon chromosomal alignment, tension across the sister kinetochores diminishes and TTK dissociates from kinetochore for silencing spindle checkpoint. Sister chromatids separate after spindle checkpoint is satisfied. TTK then migrates toward the poles to exert its centrosome-based function.
448 the dynamic distribution of TTK during mitosis and its precise localization relative to the kinetochore. To these earlier research efforts, our finding that localization of TTK to the corona fibers of kinetochore concurrent with the release of other spindle checkpoint component such as Mad2 [27, 31] , together with its association with CENP-E implicates regulation of TTK-CENP-E association is an important tension sensor to the spindle microtubule-kinetochore associated mitotic checkpoint. In sum, our study strongly supports a model in which TTK functions in mitotic checkpoint signaling at both kinetochore and centrosome locations.
CENP-E [17] . The initial transition of an apparent TTK complex toward the developing kinetochore at earliest prometaphase, is presumably mediated by CENP-E's plus end motor activity as TTK is co-purified with CENP-E form the prometaphase Hela lysates [17] . Interestingly, TTK departs from the kinetochore aligned at the equator (Fig 3) . Given the fact that CENP-E has been shown to have the capacity to couple cargoes to microtubule depolymerization-driven, minus end-directed movement [30] , it is plausible by analogy that poleward translocation of TTK may also tie to its association with CENP-E. The centrosomal TTK may regulate spindle integrity and dynamics via phosphorylation of MAPs or other proteins involved in centrosomal duplication. During the preparation of this study, Liu et al (2003) have reported that human MPS1 is located at nuclear pore of interphase nucleus and to kinetochore and centrosome of mitotic cells [26] . Given the fact that the temporal order of dissociation of TTK from the kinetochore is correlated with the dephosphorylation profile of TTK reported by Liu et al [26] , it is then possible that the phosphorylation of TTK may account for its function at the kinetochore. Further functional analysis will be required in order to distinguish between the functional roles of TTK in kinetochore and centrosome.
One important question addressed by our studies is
